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Abstract: Six major anthropogenic greenhouse gases: methane (CH4), 1,1,1,2-tetrafluoroethane
(C2H2F4), carbon tetrafluoride (CF4), dichlorofluoromethane (CHFCl2), sulfur hexafluoride
(SF6), and nitrogen trifluoride (NF3) were computationally modeled using the Gaussian 16
package and 9 different method and basis set combinations. The Gaussian 16 package and 9
different method and basis set combinations were additionally used to obtain IR frequencies and
intensities for each of the six anthropogenic greenhouse gases. These values were used to
calculate the 20-, 100-, and 500 – year global warming potentials of each gas relative to CO2.
Average percent error across the six gases and standard deviation of the percent error were
calculated for each level of theory to determine which yielded greatest agreement with literature
GWP values that had been calculated using experimental IR spectra. With an average percent
error of 46.40% and a standard deviation of percent error of 72.11. The B3LYP/6-31G** or
B3LYP/6-31G(d,p) method and basis set combination yielded the greatest agreement with
literature GWP values across all three time horizons. The process and calculations described here
were further developed into a student handout and lab materials for use in an undergraduate
physical chemistry curriculum.
Introduction
Global warming poses one of the most imminent and significant global challenges
humans face today. With each passing year, we are quickly approaching a point of no return, a
point past which the damage done to the environment as a result of greenhouse gas emissions
will be irreversible, resulting in devastating consequences for human and non-human species
alike. A recent publication by the United Nations Intergovernmental panel on Climate Change
indicated that humankind only has until 2031 to prevent our globe from warming an additional
1.5 °C, a limit agreed upon in the Paris Climate Agreement.1 While the Paris Climate Agreement
outlines 2 °C as the upper limit of global warming, restricting the limit to 1.5 °C would
significantly mitigate some of the most devastating effects of a warming world.1,2 From
reducing the likelihood of global water shortage to preventing the reduction of species’
geographical range, this half a degree reduction in warming would significantly increase
organisms’ chance of survival, helping to maintain the delicate balance in the ecosystem that is
our Earth.1

Carbon dioxide is the most well-known greenhouse gas and therefore is an important gas
to monitor when investigating global warming. Carbon dioxide concentrations in 2020 reached a
record-breaking amount of 412.5 parts per million (ppm), a value 2.6 ppm greater than those
recorded in 2019 and the fifth highest annual increase in the past 63 years.3 Carbon dioxide
concentrations of this magnitude were last observed more than 3 million years ago indicating the
exceptional and alarming trend of recent carbon dioxide concentrations.3
However, despite the urgency with which global warming needs to be addressed, research
and studies have shown that the majority of Americans tend to have misconceptions about
climate science in the following areas: the greenhouse effect, ozone depletion, electromagnetic
radiation, environmental impacts, and proposed solutions.4-8 Given the topics and theories
covered in an undergraduate physical chemistry course, undergraduate chemistry students are
uniquely positioned to establish clear connections between quantum mechanical theories learned
in lecture and pressing world issues driven and explained by these theories. The methods and
calculations described in this study outline the creation of a lab activity that specifically
addresses misconceptions surrounding the greenhouse effect and electromagnetic radiation.
Theory
Global Warming and Greenhouse Gases
Despite being commonly used and thrown around by media sources, terms such as the
greenhouse effect, ozone depletion, and global warming are often confused for one another.5-7
Thus, one aim of this paper and its resulting activity is to clarify these terms. During radiative
heat transfer, the sun emits radiation in the ultraviolet/visible region to the Earth. The Earth
either absorbs or re-emits this radiation back into the atmosphere as infrared (IR) radiation.9 This

IR radiation or IR light can only be absorbed by vibrational modes that result in a change in
dipole moment in either magnitude or direction.10. Gases that have IR active vibrational modes
become vibrationally excited upon absorption of the IR radiation emitted by the Earth. The
kinetic energy of these vibrations can be transferred to other gases in the atmosphere, causing the
Earth’s temperature to increase. Thus, while all molecules can be categorized as IR active or IR
inactive, it is only those that are IR active that have the potential to significantly contribute to
global warming. This phenomenon of greenhouse gases (GHGs) trapping heat in the atmosphere
by vibrational excitation and kinetic energy transfer is a natural phenomenon commonly known
as the greenhouse effect. The greenhouse effect helps regulate the Earth’s temperature and is part
of the reason why life on Earth is sustainable as it keeps the Earth 31.66 °C or 56.99 °F warmer
than it would otherwise be.11 While the greenhouse effect is a natural phenomenon there are
anthropogenic greenhouse gases that are dramatically increasing the greenhouse effect.
Increasing concentrations of gases such as CO2, which have large global warming potentials
(GWPs) have resulted in an unnatural amount of IR radiation being trapped in the atmosphere,
causing the Earth’s temperature to increase exponentially at alarming rates. Global warming is
this unnatural increase in greenhouse gas concentration leading to an unnatural amount of IR
radiation being kept in the atmosphere.
While carbon dioxide is the most well-known anthropogenic GHG, there are other GHGs
of major concern as well which include nitrous oxide (N2O), methane (CH4), hydrofluorocarbons
(CxHyFz), perfluorocarbons (CxFy), hydrochlorofluorocarbons (CwHxClyFz), sulfur hexafluoride
(SF6) and nitrogen trifluoride (NF3). Six major anthropogenic greenhouse gases were tested in
this study: CH4, a hydrofluorocarbon – 1,1,1,2-tetrafluoroethane (CF3CH2F), a perfluorocarbon
– carbon tetrafluoride (CF4), a hydrochlorofluorocarbon – dichlorofluoromethane (CHFCl2),

sulfur hexafluoride (SF6), and nitrogen trifluoride (NF3). These gases were included due to their
inclusion in the United States’ First Nationally Determined Contribution to the Paris Climate
Agreement in 2015.12
One way to evaluate the impact that a greenhouse gas may have on the climate is by
determining the greenhouse gas’s global warming potential (GWP). Global warming potentials
are defined as the proportion of energy the emissions of a gas absorbs in the atmosphere relative
to the proportion of energy absorbed in the atmosphere by the emissions of the same mass of
carbon dioxide of a certain period of time.13 Carbon dioxide is therefore given a GWP of 1 across
all time horizons. GWPs are a commonly used metric by policy makers to make important
environmental decisions such as the EPA’s decision to ban commercial manufacture of
chlorofluorocarbons, compounds with high global warming potentials, under the Clean Air Act
in 1963.14 GWPs depend on three major factors: how strongly the gas absorbs IR radiation, the
spectral location of the wavelengths at which the gas absorbs IR radiation, and the atmospheric
lifetime of the gas, or how long the gas stays in the atmosphere before being degraded.15 The
strength at which a gas absorbs IR radiation combined with the spectral location of absorbing
wavelengths is known as radiative forcing. Radiative forcing is the energy flux of the Earth’s
atmosphere given by the portion of the Earth’s black body spectrum that is not absorbed by
naturally occurring atmospheric gases. Thus, radiative forcing can be determined from the
overlay of the blackbody IR radiation spectrum of the Earth and the IR spectrum of a greenhouse
gas.15 Stronger absorption of IR radiation at these frequencies results in larger GWPs. Lifetime is
directly related to GWP as the longer that a GHG remains in the atmosphere, the greater the
amount of time the gas has to interact with and emit IR radiation. Together, these three factors
can be accounted for in the calculation of a GWP shown in Equation 1.
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Density Functional Theory
While determination of GWPs can be done using experimental IR spectra, this work took a
computational approach to GWP determination. The Gaussian 16 package was used to perform
optimization and frequency calculations on each of the six major anthropogenic greenhouse
gases to obtain spectral data. While 9 different method and basis set combinations were tested, it
was discovered that different method and basis set combinations yielded different agreement
with literature GWP values obtained using experimental IR spectra. As the lab was designed to
fit into one lab period, only one computational method and basis set combination was chosen to
be implemented into the lab. The chosen method and basis set combination utilized density
functional theory.
Density functional theory (DFT) is a quantum mechanical modeling method for many-body
systems. Compared to other computational methods or experimental methods use of DFT has
become more popular due to it being less computationally demanding, easy to use, and cost
effective.16,17 Unlike Perturbation Theory methods which solve the Schrodinger equation
employing many-body wavefunction approximations, DFT takes an entirely different approach
to determine the electronic structure and properties of atoms and molecules. First proposed by
Hohenberg and Kohn, DFT is based on the postulate that the potential of a system can be defined

by the electron density, which is the sum of the probability densities of all electrons.18 Instead of
using a wavefunction to represent each electron orbital, DFT utilizes functionals which are
functions of functions. The DFT functional is a function of electron density with the input being
a function of the position coordinate, r, and the output being electronic energy.16 Gaussian-type
orbitals and basis sets are the most common type of functions used in electronic structure
calculations. Electron density is calculated by summation of the Gaussian-type orbitals as shown
in Eqn. 2 below.
𝑥
2
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As is the case with other electronic structure theories, treatment of electron-electron interaction
presents challenges in obtaining simple analytical solutions. However, linear combination of the
Gaussian-type orbitals results in more accurate results. DFT models molecules as harmonic
oscillators. However, real molecules are anharmonic oscillators due to their ability to dissociate.
This anharmonicity causes the Morse potential eigenstates and energies of the molecule to be
different than those of the HO model (Eqn 3 and 4).
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This difference due to dissociation results in the need to scale the IR frequencies obtained from
the DFT calculation by a scaling factor specific to the level of theory. Scaling factors used in this

activity were obtained from the Computational Chemistry Comparison and Benchmark
DataBase.19
Methods
Each of the major anthropogenic gases tested (Figure 1) was modeled using the Gaussian
16 program, a computational modeling program that allows for visualization and study of various
chemical systems. Given the time constraints of a three-hour lab period, only one method and
basis set combination could be utilized in the student activity. To determine which method and
basis set combination to implement, nine different method and basis set combinations were used
to calculate computational GWPs for each of the 6 anthropogenic GHGs over 20-, 100-, and 500year time horizons. Method and basis set combinations tested were chosen based upon an
extensive literature review looking at which method and basis set combinations had yielded the
most accurate results compared to experimental data. As a result of this literature review, the
nine different method and basis set combinations chosen were B3LYP/6-311G**, MP2/6-31G*,
MP2/6-311G**, MP4/6-31G*, MP4/6-311G**, B3LYP/6-31G**, MP2/6-31G**, MP4/631G**.

(1)
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Figure 1. The six major anthropogenic greenhouse gases whose global warming potentials
were computationally determined. The greenhouse gases tested were (1) methane (CH4), (2)
1,1,1,2-tetrafluoroethane (C2H2F4), (3) carbon tetrafluoride (CF4), (4) sulfur hexafluoride
(SF6), (5) nitrogen trifluoride (NF3), and dichlorofluoromethane (CHFCl2).

Molecular models of each gas were built in Gaussian (Figure 2). Molecular geometries
were optimized using the chosen method and basis set combination. Frequency calculations and
further optimization was then performed using the same chosen method and basis set that was
used to model each gas. Frequency and infrared intensity values were obtained as a result of
these calculations in both tabular and graphical forms (Figure 3).

Figure 2. Molecular model of 1,1,1,2-teatrafluoroethane built in Gaussian using the B3LYP/631G** level of theory

Figure 3. Infrared spectrum obtained from Gaussian for 1,1,1,2-tetrafluoroethane using
B3LYP/6-31G** level of theory.

Frequency and infrared intensity values were then exported into an Excel sheet based off
of a similar one published by Paul Blowers to calculate global warming potentials.20 Once in
Excel, infrared frequency values were scaled using scaling factors suggested by the CCCBDB
(Table 1).19 Scaled frequency values were utilized to calculate radiative forcing values. Using
radiative forcing values published by Pinnock et al, the radiative forcing of a GHG at specific
frequencies can be easily estimated using information obtained from an IR spectrum of the
GHG.21 Individual radiative forcing values were summed over the entire infrared spectrum to
obtain 20-, 100-, and 500-year GWPs for the modeled gas using Eqn. 1.
Table 1. Recommended scaling factors published by the CCCBDB for each method and basis set
combination.
Method and Basis Set Combination

Recommended Scaling Factor

B3LYP/6-31G*

0.9603

B3LYP/6-311G**

0.9668

MP2/6-31G*

0.9430

MP2/6-311G**

0.9502

MP4/6-31G*

0.9548

MP4/6-311G**

0.9697

B3LYP/6-31G**

0.9608

MP2/6-31G**

0.9365

MP4/6-31G**

0.9438

Determination of which method and basis set combination would be implemented into
the lab activity was achieved through calculation and analysis of average percent error and
standard deviation of percent error.
Results and Discussion
Once GWPs had been calculated for each GHG using each of the nine method and basis
set combinations, data was compiled to compare computational results to literature GWP values
that were based upon experimentally collected IR spectra. Average percent error of calculated
global warming potentials varied greatly between level of theory and greenhouse gas (Table 2).
However, the percent error observed for all nine method and basis sets for methane was quite
large compared to that of other gases. The smallest percent error for methane, 186.98%, was
obtained using the B3LYP/6-31G** level of theory and the largest percent error for methane,
497.93% was obtained using the B3LYP/6-311G** level of theory (Table 2). One possible
explanation for this high percent error across method and basis set combinations is that methane
had the smallest GWP of the six anthropogenic GHGs tested at 72. Thus, any discrepancy in
GWP values that would be considered small for other GHGs would be considered large for
methane. This would result in a significant increase in percent error for methane.
Table 2. Percent error of calculated 20-year global warming potentials compared to literature
values using indicated method and basis set combination for each of the six major anthropogenic
greenhouse gases.

Basis Set
B3LYP/631G*
B3LYP/631G**

CHFCl2
% Error

CH4
% Error

CF4
% Error

CF3CH2F
% Error

SF6
% Error

NF3
% Error

5.77

347.65

60.20

11.88

7.59

15.52

5.44

186.98

60.20

2.67

7.59

15.52

B3LYP/6311G**
MP2/631G*
MP2/631G**
MP2/6311G**
MP4/631G*
MP4/631G**
MP4/6311G**

3.50

497.93

158.44

45.06

31.62

37.43

43.80

272.93

13.42

6.53

9.03

4.53

35.24

235.61

61.14

14.09

14.88

8.40

46.30

392.26

88.55

25.98

38.42

17.28

39.17

231.43

25.20

1.46

9.47

6.43

32.86

242.78

15.64

2.06

8.68

0.51

48.52

313.69

17.54

8.89

28.00

2.97

Average percent error for each level of theory ranged from 46.40% to 129.00% with
B3LYP/6-31G** resulting in the most accurate computational GWPs across the 6 anthropogenic
GHGs and B3LYP/6-311G** resulting in the least accurate computational GWPs across the 6
anthropogenic GHGs (Table 3). Standard deviation of percent error for each level of theory was
also computed to aid in the determination of the best method and basis set to implement in the
lab activity (Table 4). B3LYP/6-31G** had the lowest standard deviation of 72.11 while
B3LYP/6-311G** had the highest standard deviation of 188.49 (Table 4). Thus, given the fact
that B3LYP/6-31G** had both the lowest average percent error and lowest standard deviation of
percent error, it was chosen to be implemented into the student lab activity.

Table 3. Average percent error for each level of theory when calculating global warming
potentials for each of the six major anthropogenic greenhouse gases.

Level of Theory
B3LYP/6-31G**
MP4/6-31G**
MP4/6-31G*
MP2/6-31G*
MP2/6-31G**
MP4/6-311G**
B3LYP/6-31G*
MP2/6-311G**
B3LYP/6-311G**

Average
% Error
46.40
50.42
52.19
58.37
61.56
69.94
74.77
101.47
129.00

Table 4. Standard deviation of percent error for each level of theory tested in the creation of this
lab.

Level of Theory
B3LYP/6-31G**
MP2/6-31G**
MP4/6-31G*
MP4/6-31G**
MP2/6-31G*
MP4/6-311G**
B3LYP/6-31G*
MP2/6-311G**
B3LYP/6-311G**

Std Dev of
% Error
72.11
87.46
88.90
94.97
106.11
120.49
135.21
144.59
188.49

Analysis of computationally obtained GWPs was done quantitatively and qualitatively.
Figures 4-12 show a comparison of computational GWPs to literature GWPs for each method
and basis set combination tested. Computational GWPs calculated using the B3LYP/6-31G*,
B3LYP/6-311G**, MP2/6-311G**, and MP2/6-31G** were overestimates for all 6 of the
anthropogenic GHGs when compared to literature GWPs (Figures 4,5,7,11). This was expected
as generally, computationally determined GWPs tended to be overestimates when compared to

literature GWPs obtained using experimental IR spectra.26,27 Molecules whose computationally
determined GWPs were underestimates tended to contain C-F bonds. Further research needs to
be done to understand if the unique properties of F contribute to the varying degrees of
estimation with computational methods. However, fluorine is the most electronegative element
and this property often leads fluorine to act different than expected in other chemical settings.
Thus, the electronegativity of fluorine could possibly explain the underestimation of
computational methods observed here.
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Figure 4. A comparison of calculated global warming potentials using the B3LYP/6-31G* level
of theory with literature global warming potential values obtained from experimental IR spectra
for each of the six major anthropogenic greenhouse gases.
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Figure 5. A comparison of calculated global warming potentials using the B3LYP/6-311G**
level of theory with literature global warming potential values obtained from experimental IR
spectra for each of the six major anthropogenic greenhouse gases.
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Figure 6. A comparison of calculated global warming potentials using the MP2/6-31G* level of
theory with literature global warming potential values obtained from experimental IR spectra for
each of the six major anthropogenic greenhouse gases.
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Figure 7. A comparison of calculated global warming potentials using the MP2/6-311G** level
of theory with literature global warming potential values obtained from experimental IR spectra
for each of the six major anthropogenic greenhouse gases.
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Figure 8. A comparison of calculated global warming potentials using the MP4/6-31G* level of
theory with literature global warming potential values obtained from experimental IR spectra for
each of the six major anthropogenic greenhouse gases.
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Figure 9. A comparison of calculated global warming potentials using the MP4/6-311G** level
of theory with literature global warming potential values obtained from experimental IR spectra
for each of the six major anthropogenic greenhouse gases.
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Figure 10. A comparison of calculated global warming potentials using the B3LYP/6-31G**
level of theory with literature global warming potential values obtained from experimental IR
spectra for each of the six major anthropogenic greenhouse gases. Best agreement for which
molecule.
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Figure 11. A comparison of calculated global warming potentials using the MP2/6-31G** level
of theory with literature global warming potential values obtained from experimental IR spectra
for each of the six major anthropogenic greenhouse gases.
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Figure 12. A comparison of calculated global warming potentials using the MP4/6-31G** level
of theory with literature global warming potential values obtained from experimental IR spectra
for each of the six major anthropogenic greenhouse gases.
As mentioned previously, one common area of misconception is proposed solutions to
global warming. As temperatures rise, the use of refrigerants in systems like air-conditioning
units and commercial refrigeration has also increased. Hydrofluoroolefins are one proposed
solution to help mitigate climate change by replacing current high GWP refrigerants. If
implemented, hydrofluoroolefins would be known as fourth generation refrigerants (Figure 13).
First and second generation refrigerants, known as chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs), have high ozone depleting potentials (ODPs). To address
this issue, they have been phased out under the Montreal Protocol.22 The next generation of
refrigerants implemented was hydrofluorocarbons, the refrigerants presently being used.
However, despite the fact that hydrofluorocarbons have low ODPs, it has been discovered that
HFCs have high GWPs. Hydrofluoroolefins (HFOs) are unique in the fact that unlike previous
refrigerants, HFOs are alkenes. This double bond reacts much quicker with the OH radicals
present in the atmosphere than a single bond giving HFOs a much shorter atmospheric lifetime,
contributing to lower GWPs (Table 5).23

CFCs

HCFCs

HFCs

HFOs

Figure 13. Flowchart of refrigerant usage over the years. Chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) had high ozone depleting potentials (ODP) and were

consequentially replaced by hydrofluorocarbons (HFCs), compounds with low ODPs, but fairly
high GWPs.
Table 5. 20 year global warming potentials of hydrofluoroolefins commonly proposed as
replacement refrigerants.24
Molecule

GWP

2,3,3,3-tetrafluoropropene

<1

Trans-1,3,3,3-tetrafluoropropene

6

Cis – 1,3,3,3-tetrafluoropropene

1.4

Trans – 1-chloro – 3,3,3-trifluoropropene

7

Due to the possibility of HFOs being implemented as replacements for current
refrigerants in an effort to decrease emissions of the major anthropogenic GHGs, calculation of
the GWP of an HFO was implemented into the student lab activity. Due to good agreement
between computational GWPs obtained using B3LYP/6-31G** and literature values
trifluoroethene was implemented into the lab (Figure 14). Trifluoroethene or HFO-1123 is often
used in a mixture with difluoromethane (HFC-32) in heat pumps and air conditioning systems
and has been proposed to replace refrigerant R410a.25 With a lifetime of 1.2 days or 0.003 years,
GWPs across 20-, 100-, and 500-year time horizons are very close to or much less than 1.
Agreement between computationally obtained and literature GWP values was extremely good
with an average percent error of 2.61% over the three different time horizons. This not only

indicates that HFO-1123 is a promising HFO to study computationally, but also that it is a
promising replacement of current refrigerants due to extremely low GWPs.
1.2
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Figure 14. Computational and Literature GWP of trifluoroethene across three time horizons.
Time horizon 1 corresponds to 20 years, time horizon 2 corresponds to 100 years and time
horizon 3 corresponds to 500 years. Computational GWPs were calculated using the B3LYP/631G** level of theory.
Conclusion
If we are to limit global warming by 1.5 °C by 2031, students and nonstudents alike must be
able to discern and analyze the climate science information being presented to them through
various media outlets. Undergraduate chemistry students have the opportunity to not only delve
deep into the molecular mechanisms that govern phenomena contributing to global warming, but
they have the chance to connect what they are learning in lecture to their everyday lives. As a
result of the methods presented here it was determined that the B3LYP/6-31G** level of theory
provided greatest accuracy and precision out of the nine different level of theories tested. This

level of theory was implemented into the student handout for this lab activity. The theory,
methods, and calculations presented here are a part of a larger work that has resulted in the
creation of a three-week lab that investigates and addresses common climate science
misconceptions and connects quantum mechanical theory presented in physical chemistry lecture
to lab work. In the future, it is hoped that this lab will be implemented into the physical
chemistry lab curriculum and that student gains indicate the importance of implementing labs
into science curricula that help students draw connections and apply knowledge of scientific
theories and topics learned in lecture to their daily lives.
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